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Summary  The  presented  paper  brings  new  aspects  of  punching  resistance  due  to  inﬂuence
of footing  stiffness  and  consequential  ground  stresses  distribution.  Diagrams  of  design  loadPunching;
Shear  resistance
versus effective  depth  were  created  coming  from  new  design  criteria  which  depend  on  the
maximum punching  resistance  deﬁned  from  shear-bending  failure  and  on  the  maximum  punching
resistance  deﬁned  from  crushing  of  concrete  struts.
© 2015  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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here  are  two  possible  ways  of  structural  failure  due  to
unching.  The  ﬁrst  one  is  strut  diagonal  failure  (crushing  of
oncrete)  at  control  perimeter  u0 of  the  column.  The  sec-
nd  one  is  the  shear-tension  failure  of  concrete  or  transverse
einforcement  in  circumference  of  area  surrounded  by  con-
rol  perimeters  ui,  which  are  analysed  in  distances  0.5d,
.0d,  1.5d  and  2.0d  from  face  of  column  (Fig.  1).
 This article is part of a special issue entitled ‘‘Proceedings of
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icenses/by-nc-nd/4.0/).eriﬁcation of punching
he  maximum  shear  force  is  limited  by  compressive  capac-
ty  of  the  struts  at  the  column  perimeter.  Crushing  of
he  struts  at  column  perimeter  is  controlled  by  reduced
ompressive  strength  of  concrete  (1)  according  to  (EN  1992-
-1:2004/AC(2010)).
Ed,max = ˇ  VEd
u0d
≤  Rd,max =  0.4  fcd (1)
A  new  limit  for  the  punching  resistance  is  derived  from
oncrete  shear  resistance  (2)  according  to  (EN  1992-1-
:2004/AC(2010)).  The  maximum  punching  shear  resistance
quals  a  product  of  vRd,c and  a  factor  kmax (3).
Rd,c = 0.18
C
k(100lfck)
1/3 2d
a
≥  0.035k3/2f1/2ck
2d
a
(2)
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Figure  1  Shear-tension  failure  veriﬁcation  of  foundation  slab
in control  perimeters.
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Figure  2  (a)  Scheme  of  columns  and  slab.  (b)  St205
Rd,cs =  0.75Rd,c +
(
1.5d
sr
)
Aswfywd,ef
u1d
≤  kmax · Rd,c. (3)
atest  experiments  have  also  shown  that  the  kmax value
epends  on  many  factors.  The  ﬁrst  factor  is  the  type  of  shear
einforcement  and  particularly  conditions  for  their  anchor-
ng  (Hegger  and  Siburg,  2010).  For  this  analysis  kmax =  1.7
d  >  700  mm)  was  used.  The  second  important  factor  is  rota-
ion    of  a  slab  around  the  loading  area.  Larger  rotation  is
he  reason  of  lower  punching  resistance  (Ruiz  and  Muttoni,
009;  Fingerloos  and  Zilch,  2012).Veriﬁcation  of  punching  needs  more  precise  calculation
f  shear  force  designing  value  (4).
Ed =  NEd −  V  (4)
ress  distribution  according  to  slab  thickness.
2 L´. Fillo  et  al.
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Figure  5  Distribution  of  ground  stresses  under  the  column
footing.06
V  depends  on  a  ground  resistance  distribution  inﬂuence
Fig.  1).  By  uniform  distribution  of  ground  stresses,  V  is  less
han  V  and  therefore  design  of  footings  is  more  conserva-
ive.  Distribution  of  ground  stresses  was  calculated  by  FEM
nalysis  (see  below)  and  is  shown  in  Fig.  2.
Diagram  in  Fig.  3  presents  a  possibility  of  punching  ver-
ﬁcation  by  reliability  condition  in  distance  from  0.5d  to
.0d  from  face  of  the  columns.  The  reinforcement  ratio
as  0.54%  for  the  foundation  slab  h  =  900  mm  and  0.27%
or  h  =  1200  mm.  A  lower  (dash  dotted)  convex  curve  repre-
ents  shear-tension  resistance  of  concrete  and  a  higher  (dash
ouble-dotted)  convex  curve  represents  the  max  resistance
f  concrete  with  shear  reinforcement  (kmax).  A  concave
ashed  line  is  the  value  of  shear  force  effect  and  it  is  higher
han  effect  of  the  shear  force  calculated  form  non-uniform
istribution  of  ground  stresses  (continuous)  (Fig.  4).
On  the  contrary  the  veriﬁcation  of  punching  on  column
ootings  gives  different  results.  Fig.  5  shows  a  distribution
f  ground  stresses  under  ﬂat  column  footing,  where  by  more
recise  analysis  act  also  shear  forces  on  the  vertical  areas  of
olumn  footings  (arrows  on  the  vertical  parts  of  column  foot-
ng).  Diagram  in  Fig.  6  presents  the  veriﬁcation  of  punching
y  reliability  condition  in  distance  from  0.5d  to  1.0d  from
ace  of  the  column.  The  reinforcement  ratio  was  0.15%  for
he  column  footing  h  =  1070  mm  and  0.13%  for  h  =  1250  mm
t  was  0.13%.  The  thickness  h  =  900  mm  was  in  Fig.  5  only  for
omparison  of  ground  stresses  distribution.  The  condition  of
iagonal  strut  crushing  was  here  not  fulﬁlled.  A  lower  (dash
igure  3  Veriﬁcation  of  punching  on  foundation  slab
h =  900  mm)  in  distance  0.5d to  2.0d from  the  column-face.
igure  4  Veriﬁcation  of  punching  on  foundation  slab
h =  1200  mm)  in  distance  0.5d to  2.0d from  the  column-face.
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(igure  6  Veriﬁcation  of  punching  on  column  footing
h =  1070  mm)  in  distance  0.5d to  1.0d from  the  column-face.
otted)  convex  curve  again  represents  the  shear-tension
esistance  of  concrete  and  a  higher  (dash  double-dotted)
onvex  curve  the  max  shear  resistance  of  concrete  with
hear  reinforcement  (kmax).  A  concave  (dashed)  line  is  the
alue  of  a  design  shear  force  effect  and  lies  under  the  effect
f  shear  force  calculated  form  non-uniform  distribution  of
round  stresses  (continuous).  In  this  case  the  routine  veriﬁ-
ation  of  punching  resistance  lies  on  the  unsafe  side  (Fig.  7).
igure  7  Veriﬁcation  of  punching  on  column  footing
h =  1150  mm)  in  distance  0.5d to  1.0d from  the  column-face.
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FEM analyses in Scia Engineer
Numerical  models  were  created  in  Scia  Engineer  —  software
based  on  FEM  (Finite  Element  Method).  Analysis  was  made
for  the  foundation  slab  900  and  1200  mm  thick  and  column
footings  900  and  1150  mm  thick,  respectively.  Slabs  were
made  from  the  concrete,  C25/30.  The  task  was  based  on
the  Mindlin’s  slab  theory.  Circular  shaped  columns  of  650  mm
diameter  loaded  the  slab.  The  geology  of  the  subsoil  was
identiﬁed  in  a  geological  proﬁle  with  one  layer,  5.0  m  thick.
The  properties  of  the  soil  are  described  by  the  Poisson  coef-
ﬁcient    =  0.4,  speciﬁc  weight    =  21.0  kN/m3 and  modulus
of  deformability  Edef =  280.0  MPa.  The  corrective  coefﬁcient
m  =  0.2  was  set  pursuant  to  EC  7  (EN  1997-1:2004  (2010)).
Subsoil  parameters,  C1x,  C1y,  C1z,  a  C2x,  C2y, are  used
to  describe  the  subsoil  model.  Parameter  C1z is  the  com-
pressibility  of  the  elastic  subsoil  in  the  z-axis.  Parameter
C1z describes  the  elastic  resistance  against  the  vertical  shift,
w.  Subsoil  parameters  C2x,  C2y describe  the  shear  deforma-
tion  and  consider  the  shear  behaviour  of  the  material  in  the
subsoil.  Subsoil  parameters  C1x,  C1y describe  the  yielding  of
the  elastic  subsoil  in  the  direction  of  the  x-  and  y-axes.
Those  parameters  represent  the  elastic  resistance  against
the  horizontal  shift  u  and  v  (the  shifts  in  the  slab  level).  The
SOILIN  support  was  used  to  calculate  C1z,  C2x a  C2y.  SOILIN
moduli  calculates  the  subsidence  using  the  state  of  stress
of  an  elastic  half-space  and  a  subsoil  model.  Then,  it  cal-
culates  the  subsoil  parameters  (C-parameters)  in  any  point
of  the  slab  model.  Because  the  C-parameters  inﬂuence  the
contact  stress  and  the  subsidence  and  all  relationships  are
also  valid  in  the  opposite  direction,  the  iteration  process  was
used.  The  iteration  calculation  is  completed  at  the  moment
when  the  calculation  value  of  shift  or  contact  stress  in  two
subsequent  cycles  almost  does  not  differ.  A  similar  numeri-
cal  analysis  of  the  foundation  slab  is  also  described  in  Cajka
and  Labudkova  (2014)  and  EN  1997-1:2004(2010).Summary
The  presented  paper  brings  new  aspects  of  punching  resis-
tance  due  to  inﬂuence  of  concrete  column  footings  and
R207
oundation  slabs  stiffness  and  consequential  ground  stresses
istribution.  Diagrams  of  design  load  versus  effective  depth
ere  created  coming  from  new  design  criteria  which  depend
n  the  maximum  punching  resistance  deﬁned  from  shear-
ending  failure  and  on  the  maximum  punching  resistance
eﬁned  from  crushing  of  concrete  struts.  Results  show  that
he  veriﬁcation  of  foundation  slabs  —  with  uniform  ground
tresses  distribution  brings  design  on  conservative  —  safe
ide.  On  the  contrary  the  veriﬁcation  of  column  footings  —
ith  uniform  ground  stresses  distribution  brings  design  on
he  unsafe  side  —  condition  of  reliability  could  not  be  sat-
sﬁed.  Diagrams  also  show  the  differences  of  veriﬁcation  by
ifferent  stiffness  of  column  footings  and  foundation  slabs,
espectively.
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